Bone remodeling relies on a dynamic balance between bone formation and resorption, mediated by osteoblasts and osteoclasts, respectively. Under certain stimuli, osteoprogenitor cells may differentiate into premature osteoblasts and further into mature osteoblasts. This process is marked by increased alkaline phosphatase (ALP) activity and mineralized nodule formation. In this study, we induced osteoblast differentiation in mouse osteoprogenitor MC3T3-E1 cells and divided the process into three stages. In the first stage (day 3), the MC3T3-E1 cell under osteoblast differentiation did not express ALP or deposit a mineralized nodule. In the second stage, the MC3T3-E1 cell expressed ALP but did not form a mineralized nodule. In the third stage, the MC3T3-E1 cell had ALP activity and formed mineralized nodules. In the present study, we focused on morphological and proteomic changes of MC3T3-E1 cells in the early stage of osteoblast differentiation -a period when premature osteoblasts transform into mature osteoblasts. We found that mean cell area and mean stress fiber density were increased in this stage due to enhanced cell spreading and decreased cell proliferation. We further analyzed the proteins in the signaling pathway of regulation of the cytoskeleton using a proteomic approach and found upregulation of IQGAP1, gelsolin, moesin, radixin, and Cfl1. After analyzing the focal adhesion signaling pathway, we found the upregulation of FLNA, LAMA1, LAMA5, COL1A1, COL3A1, COL4A6, and COL5A2 as well as the downregulation of COL4A1, COL4A2, and COL4A4. In conclusion, the signaling pathway of regulation of the cytoskeleton and focal adhesion play critical roles in regulating cell spreading and actin skeleton formation in the early stage of osteoblast differentiation.
Introduction
The bone remodeling relies on a dynamic balance between bone formation and resorption, mediated by osteoblasts and osteoclasts, respectively. The osteoblasts are derived from osteoprogenitor cells located in the periosteum or bone marrow. Several families of growth factors, such as bone morphogenetic proteins and transforming growth factor-β, have been shown to regulate osteoblast differentiation directly or indirectly through modulating the effects of other growth factors [1, 2] . In addition, the transcriptional regulators and the signaling pathways that mediate the osteoblast differentiation have been extensively characterized recently [3, 4] . Under certain stimuli, the osteoprogenitor cells may differentiate into premature osteoblasts and further into mature osteoblasts. This process is marked by increased alkaline phosphatase (ALP) expression and mineralized nodule formation. Quarles et al. divided the osteoblast differentiation process of mouse osteoprogenitor MC3T3-E1 cells into three stages. In the early stage (days 1-9), MC3T3-E1 cells actively replicate, maintain fusiform appearances, but do not express ALP and form mineralized nodules. In the second stage (days 9-16), the cells display cuboidal morphology and produce ALP. In the third phase (after day 16 ), the cells demonstrate both ALP activity and mineralized nodule formation [5] .
The early stage is critical for osteoblast differentiation because premature osteoblasts transform into mature osteoblasts in this stage [5] . We performed the morphological analysis of MC3T3-E1 cells since the fate of osteoblast differentiation is also determined by cell shapes in vitro [6] [7] [8] [9] [10] and mechanical stimulation in vitro and in vivo [11] [12] [13] [14] [15] [16] [17] . Though how the shape of the osteoprogenitor is in vivo modified is not completely clear, the cell shapes in vivo may be regulated by both the mechanical stimulation and the differentiative status of the cells. For example, the spreading of adipogenic cells in vitro may inhibit adipogenesis since only a round, spherical cell shape allows for maximal lipid storage. Additionally, this process can be reversed by keeping cells round or by disrupting actin cytoskeleton [10] . On the contrary, cell spreading enhances the osteoblast differentiation in the osteoprogenitor cells and favors osteoblast matrix deposition during bone remodeling [7] [8] [9] . The mesenchymal stem cells are the main source of osteoprogenitor cells in vivo but may also differentiate into adipocytes or other cell lineages under certain conditions [18] . The cell shapes have been demonstrated to control the commitment of human mesenchymal stem cells to either osteogenic or adipogenic lineages [10] . As cell shapes are related to the expression of cytoskeleton proteins and integrins [19] , a proper regulation of an intact cytoskeleton [20] may be required in the process of osteoblast differentiation. Mechanical stimulation has been shown to regulate osteoblast differentiation in vitro or in vivo [11] . The mechanical load on bone cells transiently and rapidly upregulates the expression of cyclooxygenase-2 gene [12] [13] [14] , and activates the L-type voltagesensitive Ca 2+ channels, induces nitric oxide synthesis, and stimulates extracellular signal-regulated kinase [15] . In addition, the mechanical stress activates the p38 pathway through sensitization of the Ca 2+ channels in osteoblastic-like cells [17] .
In the present study, we cultured MC3T3-E1 cells in osteoblast differentiation medium for 7 days, and performed both morphological and mass spectrometry (MS)-based proteomic analysis to of MC3T3-E1 during initial differentiation by observing the changes of cell shapes and measuring protein expressions.
Materials and methods

Culture of MC3T3-E1 cells and induction of osteoblast differentiation
The MC3T3-E1 cell line was provided by Dr. Xin-hua Liu from Mount Sinai School of Medicine in New York, and the basic culture medium is Dulbecco's modified Eagle's medium-how glucose (DMEM-HG, Cell signal, Beverly, MA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY) and 1% penicillin/ streptomycin. The MC3T3-E1 cells were divided into osteoblast differentiation (OS) group and control (CON) group. The cells of OS group were grown in basic culture medium containing 10 − 7 M dexamethasone, 10 − 2 M β-glycerophosphate, and 50 μg/ml ascorbic acid in 5% CO 2 at 37°C, while the cells of CON group were grown in only basic culture medium.
ALP activity assay
The MC3T3-E1 cells in OS and CON group were seeded in 6-well plates at the concentration of 1.0 × 10 4 cells/cm 2 and cultured in the different media for 3, 7, 14, and 21 days before harvesting. The ALP activities in cell lysates were measured using a SensoLyte pNPP Alkaline Phosphatase Assay Kit (AnaSpec, San Jose, CA) following the manufacturer's instruction. The values were normalized to the total protein content determined by the Bio-Rad Protein Assay reagent (BioRad, Hercules, CA) with bovine serum albumin used as the standard.
Cell proliferation assay
The MC3T3-E1 cells were separated into OS group and CON group and seeded at a 96-well plate at the concentration of 1.0 × 10 4 cells/cm 2 . After cultured in 5% CO 2 at 37°C for 3, 7, and 14 days, the cell proliferation rate was measured by the reduction rate of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Sigma) into formazan. In brief, the cells were incubated with 0.5 mg/ml MTT for 4 h, and the formazan was then dissolved with 10% SDS in 0.01 M HCl at 37°C overnight. Absorbance at 590 nm was determined using a MCC 340 multi-scan microplate reader (Thermoelectron, MA, USA).
Alizarin red staining for mineralization
The MC3T3-E1 cells in OS and CON group were seeded in 6-well plates at the concentration of 1.0 × 10 4 cells/cm 2 and cultured in the different media for 7, 14, and 21 days. The cells were then fixed with 4% paraformaldehyde in phosphate buffered saline (pH 7.4) at room temperature for 15 min, washed three times with phosphate buffered saline, and incubated with 40 mM Alizarin Red-S (pH 4.2, Sigma) for 10 min at room temperature. The cells were washed thoroughly with deionized water and the mineralization was observed.
Rhodamine phalloidin staining and morphological measurements
The MC3T3-E1 cells in OS and CON group were seeded in 12-well plates at the concentration of 1.0 × 10 4 cells/cm 2 and allowed to grow in the different media for 3 and 7 days. The slides were gently washed with 37°C phosphate buffered saline, fixed with 4% formaldehyde in phosphate buffered saline for 10 min at room temperature, and permeabilized with 0.5% Triton X-100 in phosphate buffered saline for 5 min at room temperature. Then cells were incubated with 100 nM rhodamine phalloidin in dark for 30 min, and the nucleuses of cells were additionally counterstained with 100 nM DAPI in phosphate buffered saline. The slides were visualized using a fluorescent microscope, and the cell morphology was quantitatively analyzed using the software Image Pro Plus (Media Cybernetics, Silver Spring, MD). Briefly, the width and length were measured in the fusiform cells on day 3 (Figs. 1A , B, C, and D). In addition, the cell areas were quantitatively measured by selecting the full area of the cells based on the color differences, and the mean cell areas were divided by the number of nucleuses counterstained by DAPI. The F-actin stress fiber densities were measured by selecting the color of the stress fibers in the images, accumulatively counting the total density of the selected areas. The mean stress fiber density was calculated by dividing the total stress fiber density with the cell areas (Figs. 1E, F, G and H).
Protein extraction
The MC3T3-E1 cells in OS and CON group were seeded in 75 cm 2 plastic flasks (Corning, New York, NY) at the concentration of 1.0 × 10 4 cells/cm 2 and allowed to grow in the different media for 7 days. The cells were then trypsinized and washed with phosphate buffered saline for three times. The cell pellets were harvested by centrifugations at 1500 ×g and homogenized in NP40 Cell Lysis Buffer (BioSource™, Camarillo, CA) complemented with 0.01 m DTT and protease inhibitor. The homogenates were centrifuged at 14,000 ×g for 25 min at 4°C to collect the supernatants, of which the protein concentration was measured as described previously. 
Western blotting analysis
Twenty milligram protein samples were separated by a ten-well Novex ® 4-12% Tris-Glycine Gel (Invitrogen, Carlsbad, CA) and transferred to a polyvinylidene difluoride membrane. After blocked using 1% bovine serum albumin, each membrane was incubated for 24 h at 4°C with one of the following antibodies: rabbit polyclonal vinculin antibody (Santa Cruz, CA), rabbit polyclonal gelsolin (H-70) antibody (Santa Cruz, CA), rabbit polyclonal IQGAP1 antibody (Cell signaling, Beverly, MA), rabbit polyclonal Filamin A (FLNA) antibody (Cell signaling, Beverly, MA), goat polyclonal Filamin B (FLNB) antibody (Santa Cruz, CA), and rabbit polyclonal β-actin antibody (Santa Cruz, CA). The membranes were then incubated with HRP-conjugated anti-rabbit or anti-goat IgG (Santa Cruz, CA), and the proteins on the membranes were visualized using ECL TM western blotting detection reagents (GE Healthcare, Buckinghomshire, UK) with the signals detected by the Image Station 4000R (Kodak, New Haven, CT, USA).
SDS-PAGE and in-gel digestion
One hundred and fifty micrograms of proteins extracted from each of OS or CON group were separated by a five-well Novex ® 4-20% TrisGlycine Gel (Invitrogen, Carlsbad, CA). The gel was fixed in 40% methanol/10% acetic acid for 15 min, stained with colloidal Coomassie Blue solution for 45 min, and destained in 40% methanol/10% acetic acid for 24 h. The symmetrical gel bands from OS and CON lanes were excised and minced into 1 mm × 1 mm smaller pieces. The gel pieces were then sufficiently destained with 50% acetonitrile/25 mM ammonium bicarbonate, dehydrated with 100% acetonitrile, and dried in a vacuum centrifuge. A standard trypsin digestion procedure was performed. In brief, the gel pieces were reduced in 20 mM DTT for 45 min at 55°C, carboxyamidomethylated in 55 mM iodoacetamide (IAA), and digested with trypsin (Promega, Madison, WI) solution (10 ng/μl dissolved in 25 mM ammonium bicarbonate, pH 8.0) overnight at 37°C. The peptides were extracted twice with 0.1% trifluoroacetic acid and 0.1% trifluoroacetic acid/50% acetonitrile, respectively, and dried in a vacuum centrifuge. The volumes of the extraction were adjusted to 20 μl with 0.1% trifluoroacetic acid, of which 5 μl was loaded for LTQ-Orbitrap liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS) analysis.
LC-MS/MS analysis
For LC-MS/MS analysis, each digestion product was separated by a 60 min gradient elution with the Dionex capillary/nano-HPLC system (Dionex, Sunnyvale, CA) at a flow rate of 0.250 μl/min that is directly interfaced with the Thermo-Fisher LTQ-Orbitrap mass spectrometer (Thermo Fisher, San Jose, CA) operated in a datadependent scan mode. The analytical column was a fused silica capillary column (75 μm ID, 100 mm length, Upchurch, Oak Harbor, Wa) packed with C-18 resin (300 A, 5 μm, Varian, Palo Alto, CA). Mobile phase A consisted of 0.1% formic acid and mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. The 60 min gradients with 250 nl/min flow rate for B solvent went from 0 to 55% in 34 min and then in 4 min to 80%. The B solvent stayed at 80% for another 8 min and then decreased to 5% in 8 min. Another 6 min was used for equilibration, loading and washing. The LTQ-Orbitrap mass spectrometer was operated in the datadependent acquisition mode using the Xcalibur 2.0.7 software (Version 2.0.7, Thermo Fisher Scientific Inc.). The experiment consisted of a single full-scan mass spectrum in the Orbitrap (400-1800 m/z, resolution of 30,000), followed by 6 data-dependent MS/MS scans in the ion trap at 35% normalized collision energy. The dynamic exclusion parameters were as follows: repeat count = 1; repeat duration = 30; exclusion list = 100; and exclusion time = 90. The MS/MS scans from each LC-MS/MS run were converted from the .RAW file format to .DTA files using the Bioworks 3.3.1 software (Version 3.3.1 SP1, Thermo Fisher Scientific Inc.). DTA files were analyzed using the MASCOT software search algorithm.
Data processing and statistics
The peak lists were searched against the International Protein Index (IPI) mouse database using Mascot with the following parameters: monoisotopic masses of 20 ppm on MS, fully tryptic specificity, 1 missed cleavage sites allowed, cysteine carbamidomethylation as a fixed modification, and 1 Da and oxidation of methionine as variable modifications. We compared the spectral count matching for each protein between OS and CON groups. In addition, we classified that protein levels during the osteoblast differentiation as upregulated if OS spectral count/CON spectral count ≥ 2, as downregulated if OS spectral count/CON spectral count < 0.5, and as unchanged if 0.5 ≤ OS spectral count/CON spectral count < 2. The protein data were also analyzed using an online analysis tool, Protein Interrogation of Gene Ontology and KEGG databases (PIGOK, http://pc4-133.ludwig.ucl.ac.uk/pigoksum.html), by submitting IPI access number of all identified proteins [21] . Data are expressed as the mean ± SEM and statistically analyzed by software GraphPad Prism 3.0 (GraphPad software Inc, California, USA). Student's t-tests were used to compare the differences between two groups. ANOVA was used to determine the differences between three of more groups. Post-hoc analyses were performed with Newman-Keuls tests. Differences were regarded as significant if P < 0.05.
Results
Identification of osteoblast differentiation
The formation of mineral nodules was observed in OS group by Alizarin red staining on days 14 and 21 ( Fig. 2A) , and the ALP activity of MC3T3-E1 cells in OS group were significantly increased on days 7, 14 and 21 (P < 0.01) (Fig. 2B) . On the contrary, no mineral nodules were formed and the ALP activity remained unchanged in CON group from days 3 to day 21 (P > 0.05) ( Figs. 2A  and B) . The OD 590 in OS group was significantly lower than that in OS group on day 7 (P < 0.05) (Fig. 2C) , suggesting a decreased cell proliferation at the early stage of osteoblast differentiation. We did not find changes in cell proliferation among two groups on day 14 (P > 0.05) (Fig. 2C) , which may be explained by growth inhibition by over-confluent cells in the 96-well-plate.
Morphological measurement of osteoprogenitor cells during the early stage of differentiation
The MC3T3-E1 cells in both OS and CON groups on day 3 demonstrated fusiform shapes and showed no significant differences in width, length, and area of the cells (P >0.05) (Figs. 2D and E) .
However, more cells in OS group showed cuboidal shapes than cells in CON group, which was proven by the significantly increased mean cell areas in OS group (P < 0.01) (Fig. 2E) .
We also observed that on day 3 there was no difference in the mean stress fiber density between the OS and CON groups. However, on day 7, the cells in OS group have significantly higher mean stress fiber density than the cells in CON group (P < 0.01). We found that this difference was due to the reduction of mean stress fiber density in CON group rather than the amplification of mean stress fiber density in OS group (Fig. 2F ).
Proteomic profile of osteoprogenitor cells during the early stage of differentiation
A total of 2642 proteins were identified by LC-MS/MS and their spectral counts were compared between OS and CON groups. According to the mentioned comparison criteria, 1109 (41.98%) proteins were classified as upregulated, 1385 (52.42%) as downregulated, and 148 (5.60%) as unchanged. The data were further analyzed using PIGOK. First, in the categorization of cellular components of the identified proteins, the most matched proteins are nucleus proteins, cytoplasm proteins, and membrane proteins (Fig. 3A) . Secondly, the most matched proteins according to the molecular function classification were categorized into mainly protein binding, the transferase and receptor activity. In this category, the number of matched proteins was increased in OS group (Fig. 3B) . Finally, PIGOK matched 46 KEGG signaling pathways from the identified proteins, and the most matched 17 KEGG signaling pathways were shown (Fig. 3C) . In this study, the signaling pathways of the regulation of actin cytoskeleton and focal adhesion were further investigated as follows.
Analysis of the signaling pathway of the regulation of actin cytoskeleton
The regulation of actin cytoskeleton is vital for the formation and maintenance of specialized structure, cell division, and cell motility [22, 23] . Nevertheless, how the signaling pathway of the regulation of actin cytoskeleton affects cell shape and osteoblast differentiation remains obscure. The PIGOK matched 35 proteins of The width and length of the MC3T3-E1 cells on day 3; E: the cell area of the MC3T3-E1 cells on days 3 and 7; F: the actin stress fiber density of MC3T3-E1 cells on days 3 and 7. *P < 0.5, **P < 0.01, comparison between CON and OS; ## P < 0.01, value comparison of days 7, 14, and 21 to day 3.
this signaling pathway. According to a more strict criterion (at least two unique peptides and score > 40), 19 proteins with detail proteomic data were listed (Table 1) .
Interestingly, we first identified a significant upregulation of GTPase-activating-like protein 1 (IQGAP1) in OS group on day 7, which is proven by the Western Blot analysis (Fig. 4A) . We next found that the protein level of isoform 1 of gelsolin (GSN) precursor was upregulated in OS group on day 7 in Table 1 , which is supported by the Western Blot analysis (Fig. 4A) . The expression of isoform 1 of GSN precursor in OS group was also confirmed by MS/MS spectra (Fig. 4B) . The moesin and radixin were elevated in the OS group, and the elevation of moesin was shown in the OS group by MS/MS spectra (Fig. 4C) . In this study, the level of cofilin 1 (CFL1) but not cofilin-2 (CFL2) was significantly increased during the early stage of osteoblast differentiation (Table 1) .
Analysis of focal adhesion signaling pathway
Focal adhesion is specialized structures formed at the cellextracellular matrix (ECM) contact points that connect the cell cytoskeleton to the ECM, and they play roles in cell motility, cell proliferation, and cell differentiation [24, 25] . The PIGOK matched 53 proteins in focal adhesion signaling pathway. Filtered by a stricter criterion (at least two unique peptides and score > 40), 23 proteins of focal adhesion signaling pathway were listed (Table 1) . We found that FLNA is upregulated in OS group on day 7, which is also confirmed by the Western Blot analysis (Fig. 4A) . Though SCM-OS/SCM-CON of FLNB was marginally smaller than 2 (1.83), Western Blot analysis showed that the expression of FLAB was also upregulated (Fig. 4A) . In this study, several laminins (LAMs), such as LAMA1 and LAMA5, but not LAMB1, were upregulated. We additionally found the protein changes of collagens (COLs). Present data showed that the levels of COL1A1, COL3A1, COL4A6, and COL5A2 were upregulated, while COL4A1, COL4A2 and COL4A4 were downregulated (Table 1) .
Crosstalks between signaling pathways of regulation of actin cytoskeleton and focal adhesion
There are seven proteins listed in formed crosstalks between the signaling pathways of regulation of actin cytoskeleton and focal adhesion ( Table 1 ). The protein levels of platelet derived growth factor receptor, β polypeptide (PDGFRB) was increased, but vinculin (VCL) was decreased slightly in OS group on day 7. The western blot also showed a reduction of VCL in the OS group (Fig. 4A) , and the MS/MS spectrum of the peptide is displayed (Fig. 4D) .
Discussion
In the present study, we classified the different stages of osteoprogenitor cell maturation in the MC3T3-E1 cells. In the first stage (day 4), the MC3T3-E1 cells did not show increased ALP activity and form mineralized nodules. In the second stage (day 7), the MC3T3-E1 cells showed increased ALP activity but did not form mineralized nodules. In the third stage (days 14 and 21), the MC3T3-E1 cells demonstrated increased ALP activities and the formation of mineralized nodules. Our study confirmed Quarles et al.'s classification in which the second stage of osteoblast differentiation is a transformation period that premature osteoblasts turn into mature osteoblasts [5] . We further defined the second stage as the early stage of osteoblast differentiation, which took place on day 7 in our experiment, earlier than days 9 to 16 in Quarles et al.'s study [5] . This may be the result of dissimilarities in cell lines and experimental conditions. Kalajzic et al. marked different subpopulations or stages of mouse calvarial osteoblast cells and marrow stromal cells during osteoblast differentiation by Col1a1GFP transgenes [26] and also found that transgenic cells are ALP-positive 5 to 7 days before they form mineral nodules [26] . In the present study, MC3T3-E1 cells cultured in osteoblast differentiation medium for 3 days were still in an undifferentiated status and cells treated for more than 14 days were considered as mature osteoblasts. Therefore, these osteoprogenitor cells under osteoblast differentiation for 7 days were in the early stage of osteoblast differentiation -a critical stage of transformation from premature osteoblasts to mature osteoblasts. There were no differences in the mean cell area, cell width and length between two groups when the fusiform-shape-cells were still in the undifferentiated stage. However, the cells showed significantly increased mean cell area in the early stage of osteoblast differentiation, which may be the result of both enhanced cell spreading and decreased cell proliferation. We did not observe the differences in main stress fiber density in undifferentiated cells between OS and CON groups. However, the cells in the early stage of osteoblast differentiation showed significantly higher main stress fiber density than undifferentiated cells, suggesting the main stress fiber density is not reduced in the stage when cells are spreading. The cell shapes of osteoblasts were proposed to be determined by the matrix deposition activity of the cells [27, 28] . However, our study demonstrated that the cell shapes, determined by cell area and actin fiber density, have already been changed in the early stage of osteoblast differentiation with solely increased ALP activity.
In the proteomic profile of osteoprogenitor cells during the early stage of osteoblast differentiation, the number of upregulated proteins was similar to that of downregulated proteins and only 5.60% of proteins were unchanged, indicating there is a significant change of protein expression in this stage. In addition, the cells in OS group matched more proteins of protein binding and transferase and receptor activity. We further analyzed the signaling pathway of the regulation of actin cytoskeleton and focal adhesion signaling pathway because a comparatively larger number of matched proteins was found in this two KEGG pathways.
After analyzing the signaling pathway of the regulation of actin cytoskeleton by proteomics, we first found that IQGAP1 was significantly upregulated in the early stage of osteoblast differentiation. IQGAP1 may modulate the cytoskeleton indirectly through the Rho GTPases, members of small GTPases that are critical for cell proliferation and differentiation [29] [30] [31] [32] . Mammalian IQGAP1 may bind to F-actin with calponin homology domain and enhance actin polymerization in vitro [33] [34] [35] . Though the IQGAP has a Ras GTPaseactivating protein-related domain, IQGAP1 appears to inhibit the GTPase activity [36, 37] . In this study, IQGAP1 may enhance the actin polymerization via regulation of GTPase activity during the early stage of rhBMP-2-induced osteoblast differentiation. In addition, we found that GSN was significantly upregulated in the early stage of osteoblast differentiation. GSN is one of the most potent members of the actinsevering gelsolin/villin superfamily [38] , suggesting that the actin filament assembly and disassembly were amplified during the early stage of osteoblast differentiation, indicating the enhanced expression of ezrin-radixin-moesin and the upregulation of actin skeleton, membrane dynamics, membrane trafficking, and interaction with the plasma membrane [39, 40] . CFL and the related protein actindepolymerizing factor are involved in depolymerizing actin filaments [41] . The remodeling of filament networks occurs rapidly, on a time scale of seconds, and depolymerization of filaments is crucial to provide an adequate supply of actin monomers for the assembly of new actin-filament structures [42] . The upregulation of CFL1 and unchanging of main stress fiber density in this study demonstrated that both disassembly and assembly of actin-filament are enhanced during the early stage of osteoblast differentiation. In analysis of focal adhesion signaling pathway by proteomics and Western blotting analysis, we confirmed the upregulation of FlNA and FLNB FLNs are actin-binding proteins that organize actin filaments into parallel arrays or three-dimensional webs, linking them to cellular membrane [43] . As a result, the upregulated FLNA and FLNB may account for the formation of actin stress fibers during the cell spreading process. The proteomic data also showed regulation of LAMs and COLs (Table 1) . LAMs are biologically active parts of the basal lamina with marked effects on cell differentiation, migration, and adhesion [44] . The LAMA1 and LAMB1 are both components of LAM1 [45] , and the LAM1 is able to recruit osteoprogenitor cells in vitro through a cell attachment effect in early fetal rat calvaria cell populations [46] . The diverse regulation of LAMA1 and LAMB1 in this study suggested a dynamic assembly of LAM1 during the cell spreading. Analysis of RNA expression showed that Lama5 is widely expressed in adult mouse tissues, such as heart, lung, kidney, brain, muscle, and testis, indicating that LAMA5 is a major LAM chain of adult basal lamina [47] . LAMA5 has been shown to play roles in embryonic development, maintain kidney structure and function, and promote skin regeneration [48] [49] [50] . However, the role of LAMA5 in osteoblast differentiation is currently unknown. COLs are the most abundant proteins ECM of most animals. The inhibitors of COL synthesis suppress cell proliferation and differentiation in various kinds of cells [51, 52] . But the COL family comprises many types of molecules and it is not known what type of collagen is responsible for cell spreading and osteoblast differentiation. The mutations of COL1A1 and COLlA2 may cause osteogenesis imperfecta [53] , and the production of COL1 happens in the earlier event during the osteoblast differentiation [54] . Our data also supported that the upregulation of COL1A1 is required in the early stage of osteoblast differentiation. The ascorbic acid 2-phosphate upregulates the expression of mRNA for COL3 but not affect the expression of COL1 while stimulating cell growth in human osteoblast-like MG-63 cells, normal human osteoblasts, and human bone marrow MSCs [55] . As the ascorbic acid is also a major component of our osteoblast differentiation medium, upregulation of COL3A1 in MC3T3 cells may be due to the stimulus of ascorbic acid. COL4 is a major component of basement membranes and COL4A1 encodes the α1 chain of COL4. Microarray confirmed that COL4A1 mRNA is higher expressed in osteoporotic human bone than in normal human bone [56] . It is well known that the osteoblast differentiation is hindered in osteoporotic patients. Therefore, the downregulation of COL4A1 in the present study may be a critical marker for early stage of osteoblast differentiation. Present data also showed diverse regulation of COL4A6, COL5A2, COL4A2, and COL4A4 but the underlying mechanism is not clear.
After analyzing crosstalks between the two signaling pathways, we found the downregulation of VCL. In mammalian cells, vinculin may transfer the mechanical stresses for cytoskeletal remodeling [57] , and our result suggests that VCL is critical for both actin skeleton regulation and focal adhesion. The strong expression of VCL in both groups indicates that VCL plays an important role during the cell proliferation and osteoblast differentiation, and the VCL may be more abundantly expressed in the cell proliferation.
Conclusions
In the present study, the osteoblast differentiation process of MC3T3-E1 cells is divided into three stages: initial stage, early stage, and final stage. In morphological and proteomic analysis, we demonstrated that enhanced cell spreading and actin fiber formation in the early stage of osteoblast differentiation and the signaling pathway of regulation of the cytoskeleton and focal adhesion play critical roles in regulating cell spreading and actin skeleton formation in this stage.
